In this paper, the systematic design for a dual-band balun featuring impedance transformation and high output isolation is presented. A dual-band balun capable of conducting transformation between an unbalanced 50-line and a balanced one of 300-is proposed for its operations at 2.4/5.2 GHz with high output isolation. The combination of a dual-band λ/4 stepped-impedance-stub line and a dual-band 3λ/4 Tjunction coupled line produces an output phase difference of 180 • at the two operating frequencies for the balun. An important feature of the proposed design is the 1:6 impedance transformation from an unbalanced source to a balanced load. High isolation can also be achieved by introducing an isolation circuit between the output ports. The measured isolation is better than −26 dB. The phase imbalance is under 3 • , and the magnitude imbalance is less than 0.9 dB within the bandwidths.
I. INTRODUCTION
For the past decades, more and more professionals have chosen differential-in designs for wireless communication circuits because the designs offer the advantages of immunity to noises and interferences. The differential signals can be generated through baluns, which convert a single-ended unbalanced signal into two differential-in balanced signals. Many applications require baluns with additional functions such as dual-band operation and impedance transformation, which has initiated a great deal of research activities on topics related to advanced baluns.
There have been quite a few designs for advanced baluns from recent publications [1] - [11] . A planar dual-band balun presented in [1] consists of four pairs of parallel coupled lines and six open stubs, which can offer the function of impedance transformation. The combination of three pairs of The associate editor coordinating the review of this manuscript and approving it for publication was Xiu Yin Zhang . coupled lines, two open stubs, and resistors produces a compact balun capable of transforming complex impedances [2] . A branch-line coupler with an open isolated port can provide differential signals by connecting an open stub to the middle of each lateral transmission line [3] . The balun can conduct impedance transformation, but lacks isolation. Additional four open stubs would add the function of dual-band operations to the previous design [4] . In [5] , a structure comprising double-sided parallel-strip lines and a mid-inserted conductor plane was implemented to carry out dual-band performance for baluns. A technique to determine the frequency ratio of dual-band operations at millimeter-wave frequencies is revealed in [6] . A traditional Marchand balun with an additional λ/4 open-circuited stub would provide the function of dual-band operations [7] . The same performance can also be achieved by cascaded parallel coupled lines with additional stepped-impedance open stubs [8] . A dual-band balun was developed from a Marchand balun by connecting it to two transmission lines with an open stub placed in the middle of VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ each line, which leads to a symmetric four-port network [9] . The advantage of this design is its large frequency ratio and good selectivity, but more improvement is required for its isolation at both bands. Designs explored in [10] , [11] are based on the Wilkinson power dividers. The property of 180 • phase shift between two output signals is achieved by replacing one of the λ/4 transmission lines with a 3λ/4 line or its substitutes. These efforts indicate how to design advanced baluns featuring dual-band operation, high isolation, and impedance transformation is an impending issue for researchers as well as engineers.
A balun is proposed in this paper to pursue the goals listed above, which is characterized by dual-band 2.4/5.2 GHz operation, 1:6 impedance transformation, and high isolation. The structure is based on a dual-band λ/4 stepped-impedance stub line and a dual-band 3λ/4 T-junction coupled line. The design could save quite amount of area in the circuit board that would have been taken by a conventional 3λ/4 line. In addition, an isolation circuit is introduced between the output ports to achieve high isolation.
The details of the proposed design are disclosed in the follow-up sections. Section II provides the analysis for the single-band and dual-band baluns, which integrates the functions of impedance transformation and high isolation. Experimental verification and discussion is presented in Section III. At the end, a conclusion for this study is prepared.
II. DUAL-BAND BALUN FEATURING 1:6 IMPEDANCE TRANSFORMATION AND HIGH ISOLATION
In this section, a dual-band balun featuring 1:6 impedance transformation and high isolation, is developed from a powerdivider structure. Firstly, a single-band balun characterized by the functions of impedance transformation, phase reversal, and high isolation performance is presented in Section II-A. Then, in Section II-B, the introduced dual-band replacements allow the single-band structure to perform dual-band operations.
A. SINGLE-BAND BALUN FEATURING 1:6 IMPEDANCE TRANSFORMATION AND PHASE DIFFERENCE OF 180 • Fig. 1 shows the proposed configuration of a single-band balun featuring 1:6 impedance transformation. This balun can transform an unbalanced source port of Z S in impedance (50 for example) to a balanced load port characterized by 2Z L (300 for example), and vice versa. Note that the dotted lines connecting the two 150-impedances in series connection to Port 2 and Port 3 were created for illustration only. The midpoint between the end terminals of the two connected impedances is a virtual ground. When Port 2 and Port 3 are combined together to function as a balanced port, the two 150-impedances are in series connection, and the output port becomes a 300-balanced port. However, when Port 2 and Port 3 work independently, this would produce two single-ended ports with each loaded by an impedance of 150 .
The impedance transformation is achieved by two λ/4 transmission lines of √ 2Z S Z L in their impedances. The isolation circuit between the output ports is served by a λ/2 line of Z C in series with a resistor of 2Z L . Under the condition of matching at all three ports, any power coming from Port 2 to Port 3 or vice versa would be dissipated in the 2Z L resistor, which led to the isolation between the two ports. Moreover, a phase reversal was introduced by the λ/2 line for the balanced Port 2 and Port 3. To meet the requirement of baluns on the phase difference of 180 • between the output ports, the electrical length of one of the λ/4 transmission lines is tripled.
To theoretically verify the functions provided by the proposed design, the S-parameters of the circuit are examined. Figs. 2(a), 2(b), and 2(c) illustrate the two-port circuit models for Port 1−Port 2, Port 1−Port 3, and Port 3−Port 2 of the proposed balun, respectively, with its third port terminated by Z L or Z S .
The circuit model in Fig. 2 (a) can be treated as a parallel connection of two paths between Port 1 and Port 2. The ABCD matrices of the two paths are given by
where the subscripts 1 and 2 of the matrix entries denote the upper and lower paths between Port 1 and Port 2, respectively, and Y A,B,C,L = 1/Z A,B,C,L . The ABCD matrices of the circuit models for Port 1−Port 3 and of Port 3−Port 2 can be treated similarly, and will not be addressed for conciseness. The overall ABCD matrices of the circuit models in Figs. 2(a), 2(b), and 2(c) can be expressed in terms of their corresponding elements of A i , B i , C i , and D i (i = 1, 2) as follows, The desired S-parameters of each circuit model can be obtained using the general network-parameter conversion equations listed below,
where Z S and Z L are the source and load impedances, respectively, with their corresponding real parts equal to R S and R L . The subscript ( * ) indicates the complex conjugate of a complex number. Note that the network-parameter conversion equations (3a)−(3c) are general equations to obtain the S parameters of any two-port networks. For example, S 33 , S 23 , and S 22 of the circuit model in Fig. 2 (c) can be obtained from the equations (3a), (3b), and (3c), respectively. A 1:6 balun to transform an unbalanced port with a 50source impedance to a balanced port characterized by an overall load impedance of 300 is simulated for illustration under the conditions of Z S = 50 , Fig. 3 shows the calculated S-parameters of the presented intermediate design. As indicated in Fig. 3(a) , the design equally divides the input power with good return loss at 2.4 GHz. Moreover, it demonstrates excellent isolation and return loss at the output ports at 2.4 GHz in Fig. 3 
(b).
Good return loss at both input and output ports implies the accomplishment of impedance transformation between them. Fig. 3 (c) shows the phase difference between the output ports, and it is equal to 180 • at 2.4 GHz. The performance meets the requirements set for the proposed balun except dual-band operations. 
B. DUAL-BAND OPERATION
The feature of dual-band operations is explored next. Stubtapped lines and coupled lines are popular structures adopted by many dual-band circuits [12] - [21] . Fig. 4(a) shows the structure of the proposed dual-band stepped-impedance stub line (SISL). To achieve dual-band performance, the λ/4 transmission line in Fig. 1 is replaced by the dual-band λ/4 SISL. The substitute is chosen to be equivalent to a +λ/4 transmission line at the lower frequency, f 1 , and a −λ/4 transmission line at the upper frequency, f 2 , to reduce the size of the circuit. Fig. 1 is substituted by the dual-band 3λ/4 TJCL with an equivalence of −λ/4 at f 1 and an equivalence of +λ/4 at f 2 to maintain a phase difference of 180 • between the output ports at the two operating frequencies. The configuration of the proposed dual-band balun is displayed in Fig. 4(c) , in which the λ/2 transmission line in the isolation circuit is replaced by two cascaded dual-band λ/4 SISLs.
To replace a single-band λ/4 line of Z A in impedance by the proposed dual-band SISL, their ABCD matrices must be equivalent to each other at both operating frequencies, which leads to the following equations for the lower operating frequency:
and the other two equations for the upper operating frequency,
where θ 1 , θ 2 , and θ 3 are the electrical lengths measured at f 1 , and r f is the ratio of the two operating frequencies, f 2 /f 1 . The expressions for θ 3 and Z 3 can be derived from (4a) to (5b), and are given by
With the information on Z 3 and θ 3 available, there are only two independent equations, (4a) and (4b), to determine another four design parameters, (Z 1 , Z 2 , θ 1 , θ 2 ), which offers more options to design the circuits of the SISLs. The impedance ratio, r Z = Z 1 /Z 2 , and electrical length ratio, r θ = θ 1 /θ 2 , are introduced in a parametric study to be applied to a practical example to search for proper values for these design parameters. The example operates at 2.4 and 5.2 GHz (r f = 2.17), two common frequency bands for WLAN applications, and features impedance transformation between a source impedance of 50 and any one of two identical 150-load impedances (or a 300-balanced load). The required characteristic impedance of the λ/4 transmission line, Z A , is 122.47 . The λ/2 transmission line in the isolation circuit is characterized by Z C of 150 . Fig. 5 shows the variations of Z 1 and Z 2 of a SISL versus its changes in r Z under the conditions of three values for r θ and three impedance values of 100 , 150 , and 200 , for Z A . The figure indicates that both Z 1 and Z 2 increase as r Z increases, but decrease as r θ increases. The value of Z 2 is usually larger than the value of Z 1 . In Fig. 5 , there are more than one combination of (r Z , r θ ) suitable for implementation of this example. The appropriate values for r Z and r θ can be determined by considering the practical impedance range of 20−150 for fabrication and short electrical lengths for compact circuit size. In order to avoid the fabrication problem of high-impedance lines, a small value for r Z and a moderate value for r θ are preferred. The final values selected for r Z and r θ of the SISL to replace the λ/4 line characterized by Z A are equal to 0.4 and 0.5, respectively, which give Z A1 = 47.12 and Z A2 = 117.8 .
By substituting r f = 2.17 into (6), the values of Z A3 and θ A3 can be obtained as 80.2 and 113.56 • . These numbers determine the values of the remaining design parameters, θ A1 and θ A2 , according to (4), yielding 34.2 • and 68.4 • , respectively. The values of all the design parameters of the dualband SISL to replace the λ/4 transmission line characterized by Z A are summarized in Table 1 . The values of the same design parameters for the λ/4 transmission line characterized by Z C subject to the selected values of 0.35 and 0.5 for r Z and r θ , respectively, can be treated similarly, and are also listed in Table 1 . Fig. 6 show the frequency responses of the equivalent SISLs for the λ/4 transmission lines characterized by Z A and Z C . The effective impedances of the two SISLs are equal To maintain a phase difference of 180 • with respect to the λ/4 line, the 3λ/4 line must exhibit S 21 of +90 • at 2.4 GHz, and −90 • at 5.2 GHz. This requirement can be satisfied by the proposed dual-band TJCL shown in Fig. 4(b) , which is a coupled-line structure characterized by Z e and Z o and tapped with two stubs of Z m in the middle. Two diagonal ports of the coupled lines are short to ground, while the other two serve as the signal input and output ports. The electrical length of the coupled line, θ, is chosen to be half of the length of the stub line to simply the design, and is defined as
The admittance matrix of the TJCL can be obtained via evenodd mode analysis and is made equal to the admittance of the 3λ/4 line characterized by Z B to derive the expression for Y o of the coupled line, 
There are four design parameters, Z e , Z o , Z m , and θ, to be determined from the three independent equations, (7) , (8a), and (9), which allows more room for the circuit design of the TJCL. In this study, Z e is chosen as the variable to search for the proper values for the other design parameters of the TJCL. Table 1 . Note that the electric length of the TJCL is only 113.6 • (or 0.32λ), which is much less than 3λ/4, thus contributing to the size reduction of the proposed balun. Fig. 8 shows the simulated responses of the TJCL equivalent to the 3λ/4 line of Z B in terms of its effective impedance and phase angle of S 21 . As indicated, the effective impedance of the TJCL is equal to 122.47 at both 2.4 and 5.2 GHz. The phase responses, S 21 , are +90 • at 2.4 GHz and −90 • at 5.2 GHz, which are exactly the phase responses of a 3λ/4 line.
III. EXPERIMENTAL VERIFICATION AND DISCUSSION
The design procedure for the proposed design is summarized as follows:
1) Determine the values of Z A , Z B , Z C , and the isolation resistor based on the given values for Z S and Z L .
2) Apply (4)−(6) and refer to Fig. 5 to determine the values of the design parameters of the dual-band SISLs for the λ/4 transmission lines characterized by Z A and Z C at f 1 and f 2 .
3) Apply (7)−(9) and refer to Fig. 7 to determine the values of the design parameters of the dual-band TJCL for the 3λ/4 transmission line characterized by Z B at f 1 and f 2 . 4) Determine the dimensions of the dual-band equivalent circuits based on the values of their design parameters and the chosen printed circuit board (PCB). The overall circuit model of the proposed dual-band balun is displayed in Fig. 4(c) . For demonstration, the two output ports are individually terminated by Z L = 150 to be equivalent to a balanced 300-load impedance. Note that the proposed design is valid for an arbitrary real source impedance to be transformed into a real load impedance, and vice versa, although only the example of 1:6 impedance transformation is illustrated. A 1.524-mm-thick Arlon 25N PCB with a dielectric constant of 3.38 and a loss tangent of 0.0027 was prepared for the fabrication of the circuit. A 300-resistor was implemented as the isolation resistor.
To facilitate the measurements to be conducted by network analyzers, the impedances of output ports must be converted from 150 to 50 . For impedance matching at two operating frequencies, the design with two cascaded lines was adopted, in which Z 1 and Z 2 were their characteristic impedances, l 1 and l 2 were their physical lengths, and β 1 and β 2 were their phase constants. The following are the design equations for the dual-band impedance transformer [22] , which convert an impedance Z L to Z 0 .
For an output port of 150-, the dual-band impedance transformation to 50 can be accomplished by cascading two lines characterized by Z 1 = 74.37 and Z 2 = 100.85 , respectively, with their lengths equal to 56.8 • . The dualband impedance transformer are included in the layout of the circuit, as shown in Fig. 9 . Table 2 lists the detailed circuit dimensions of the proposed balun. The commercial EM simulator, HFSS from Ansys, was employed to simulate the S parameters of the circuit displayed in the figure.
Figs. 10−12 show the comparisons between the simulated and measured S-parameters of the proposed design, which are in favorable agreement. According to Fig. 10 , the simulated |S 21 | and |S 31 | are −3.23 dB and −3.38 dB, respectively, at 2.4 GHz, and −3.43 dB and −3.47 dB, respectively, at 5.2 GHz. The measured center frequencies of the two operating bands are slightly lower than the specified frequencies, As shown in Fig. 11 , the simulated return loss from each output port as well as the simulated isolation between the output ports are in good agreement with their measured counterparts. The measured |S 23 | between the output ports is better than −26 dB, and the measured |S 22 | and |S 33 | are less than −16 dB at the two operating frequencies. Fig. 12 displays the measured phase difference between the two output ports, S 31 − S 21 , which is −179 • at 2.39 GHz and 181 • at 5.1 GHz. Fig. 13 shows the photo of the fabricated dual-band balun for measurements. Under the criterion of |S 11 | < −15 dB, the measured bandwidths range from 2.29 GHz to 2.51 GHz (or 9.2%) and from 4.97 GHz to 5.2 GHz (or 4.5%) at the two operating bands. The phase imbalance is under 3 • , and the magnitude imbalance is less than 0.9 dB within the bandwidths. The bandwidths of the proposed balun are suitable for most wireless applications, such as the IEEE 802.11b/g/n (2.412−2.472 GHz, 2.5%) and IEEE 802.11j (4.9−5.0 GHz, 2%). Such performance qualifies the proposed design for a dual-band balun featuring the functions of impedance transformation and high isolation. It should be noted that the measured results include the effect of the impedance transformation conducted at the output ports from 150 to 50 for measurements. The measured performance of the proposed balun only would have been better without these dual-band impedance transformers. Table 3 compares the measured performance of the proposed design and the dual-band baluns referred from other publications. As indicated, the proposed balun exhibits the superior performance among the listed designs, especially on the functions of impedance transformation and high isolation. Note that the measured results include the effect of the impedance transformation conducted at the output ports for measurements. The actual results would have been better without these impedance transformers.
IV. CONCLUSION
This paper presents a dual-band balun with superior performance on impedance transformation and isolation. The proposed design relies on dual-band SISL and TJCL to obtain balanced signals at 2.39/5.1 GHz. An isolation circuit consisting of two identical SISLs and a resistor between the output ports is introduced for high isolation. The measured isolation is better than −26 dB. Another feature of the proposed balun is the 1:6 impedance transformation from an unbalanced source to a balanced load. The measured results validated their superior dual-band performance. His current research interests include microwave and millimeter-wave circuits, low-temperature cofired ceramic circuits, array antennas, frequencyselective surfaces, radomes, and electromagnetic pulse research. Dr 
